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SUMMARY

An exploratory investigation was made in the Langley two—dimensional
low—turbulence pressure tunnel on an NACA 6hlA212 airifoil with various

extents of permeable surface area between the leading edge and 12.5 percent
chord to determine the effectiveness of area suction in eliminating
leading—edge separatlon at high 1i1ft coefficients. Lift and internsl

pressure measurements were obtained at a Reynolds mumber of 1.5 X 106
for a range of flow coefficients from O to 0.008, Airfoil surface pressures

were measured over a range of angles of attack from 4.1° to 18.3° with the
upper surface porous to 4.5 percent chord.

The results obtained indicate that not only was leading-edge
geparation prevented, but also turbulent separation moving forward from the
trailing edge was delayed. The maximum effectiveness was obtainsd at
a flow coefficient of 0,0018 with the upper surface porous to 4.5 percent
chord. With more than L.5 percent chord permesble, the maximum section

1ift coefficient Cy of the airfoil was not changed appreciably, but
max
the flow coefficient required to obtain ¢y was conslderably increased.

It was also determined that for this alrfoil at a similar Reynolds number
the meximm section 1ift coefficient i1s about the same as that for the
alrfoll with a leading-—edge slat.

INTRODUCTION

The maximum 1ift coefficients of thin alrfoil sections are low as a
result of separation of the laminar boundary layer near the leading edge.
Many types of leading—edge high—11ift devices, such as flaps and slats,
have been Investigated in an attempt to increase these naturally low
maximum 1ift coefficients. Single suction slots near the leading edge
algo have been investigated but proved unsatisfactory because of changes
in the positlon of the laminar separation point with varlations In angle
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of attack. Aresa suction through s permsable surface near the leading

odge appeared to offer a method of applying boundary—leyer suction to
control laminar separation. An exploratory investigation has been made
accordingly in the Langley two—dimensional low-turbulence pregsurs tunnel
to determlne the effectlvensess of area suctlon through a permeable surface
at the leading sdge in controlling leadling—edge separatlon.

An NACA 6hlA212 airfoll section was employed 1n the present investl—
gatlion because the results presented in reference 1 show the maximum 1ift
of this airfoll to be limited by separation of the laminar boundary layer
near the leading edge. The effect of variations of the relative extent
of permeable surface area was Ilnvestigated. The tests Ilncluded measure—

ments at a Reynolds number of 1.5 X 106 of 1ift, internal pressure, and
airfoil surface pressures over a range of flow coefficients fram O to 0.008.

SYMBOLS
ey section 1ift coefficient (—L
45¢
o] mgximum gectlon 1ift coefficlent
c airfoll chord (24 in.)
1 airfoil 1ift per unit span
b spen of porous surface (34.45 in.)
Vo free—stream velocity
Po free—stream mass density
Qo free—stream dynamic pressure <%§0V02>
Q volume of air removed through porous surface per unit tims
CQ flow coefficilent Q
cbVq
Hy free—stream total pressure
B, total pressure inslde wing duct
B, - Eb
Cp Internal pressure coefficilent ———a;——
Qg gection angle of attack, degrees

D local static pressure
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- D

S airfoll pressure coefficlent <?Eliiyi>
Smax alrfoll peak pressure coefficlent

VOC
R Reynolds number —_—

v
v kinematic viscosity
x horizontal distance behlnd leadling edge
¥y verticel distance from chord line
MODEL

The 24—inch—chord cest aluminum model used In this investigation
was constructed to the profile of an NACA 6hlA212 alrfoll. The leading

edge was Tormed with a contlnuous sheet of porous bronze extending

to 12.5 percent chord on both surfaces. Ordinates of the airfoil section
and a sketch of the model showing the gensral srrangement of the leading
edge and ducting system are presented 1n teble I and figure 1, respectively.

The sintered bronze materisl used as the permesble surface consisted
of spherical particles ranging in size from 200 to 400 mesh which were

coalesced into a shest §%~inch.thick under controlled conditions of time,

temperature, and atmosphere. The poroslty was such that with air at
approximately standerd density the application of a suctlon of about
0.12 pounds per squere inch Induced an average velocity of 1.0 foot

per second through the surface. Over a range of pressure differences
from O to 2.0 pounds per square 1nch, the rate of flow through the porous
surface varied nearly linearly with pressure difference.

Pressure orifices were installed on the airfoil surfaces from the
leading edge to 12 percent of the chord (fig. 2) and were located
11.25 inches from the midspan in a single chordwise row. The chordwise
positions of the orifilces are given 1n the table of figure 2.

A plain wooden NACA 641A212 airfoil was used for the zero—flow
condition.

APPARATUS AND TESTS

The model was tested in the Langley two—dimensional low—turbulence
pressure tunnel snd completely spanned the 36—inch-wide test gection.
The quantity of air removed from ths boundary lasyer was determined by
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means of an orifice plate located in the suctlon duct and was regulated
by varying the orifice diemeter and the blower speed.

A total-pressure tube in the wing duct on the end opposite that at
which the air was removed was used to determine the loss in pressure
incurred 1n sucklng the boundary—layer air through the permeable surface.
The velocities in the duct were so low that the static and total pressures
wore substantlally equal. The alrfoil pressure distributlion was obtailned
from pressure orifices up to ths 1l2—percent—chord station and over the
remainder of the airfoil from a statlc—pressure tube, which, at sach
statlon, was bent approximately to the airfoll contour and was mounted

epproximately % inch from the surface.

Alrfoll 1ift and duct total pressure were measured through a range
of angles of attack at flow coefficients up to 0.008 for various relative
extdnts of permeable surface area. The smount of suctlon srea was variled
by applying strips of tape 0.003—inch thick to the porous surface in a

spanwise direction allowing = %—inch clearance on elther side of the

pressure orifices.

The 1i1ft coefficlents were measured and corrected to free—ailr
conditions by the methods described in reference 2. All tests were made

at a Reynolds number of 1.5 X 106 end a Mach number of 0.11. Small
irregularities existed in the proflle of the model near the leading edge
but they appeared to have no appreclable effect on the aerodynamic
characteriastice.

RESULTS AND DISCUSSION
Lift
The 1ift and internal-presgsure characterilstics obtalned from tests
of the model for several flow coefficlents are presented-in the figures

listed in the followlng table which designates the nose conflguration
corresponding to varilous relative extents of permeable surface area:
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B N Permeable surfaces
Figure coggig_ from L,E. {percent chord)
number uration Upper Lower

surface surface
3(a) A 12.5 12.5
3(b) B 12.5 2.75
3(c) C 12.5 0
3(4) D 6.6 0
3(e) E k.5 0
3(f) F L.1 0

The effect of ares suction on the variation of maximum section 1ift
coefficient with flow coefficlent for the nose conflgurations investi-—
gated is sumarized in figure kL.

It is seen iIn figures 3 and 4 that, in general, the maximum section
1ift coeffilclent increased with increasing flow coefficient. Thess
increases in maximum sectlon 1ift coefficisnt with flow coefficient were
scconpanied by small increases in the angle of attack for maximum 1i1ft.
With nose configuration A, the maximum section 11ft coefficient of the
alrfoil was lncreased from & value of 1.27 with no flow to a value of 1.6
for a flow coefficient of 0.008. This represents an increase 1n msximum
1ift of about 25 percent above the no—flow condition which was determinsd
from tests of a plain wooden NACA 64,A212 airfoil. For the airfoil

equipped with & leading—edge slat (reference 1), the maximum section 1ift
coefficient, obtained at a similsr Reynolds number, was approximately the
sams as the highest cy obtalned In the present investlgation, but the

angle of attack for ¢y was conglderably lower for the model with
lesading—edge ares suction.

As the permsable ares on the lower surface was covered with strips
of 'tape (fig. 4, configurations B and C) the values of the highest
meximum section 1ift coefficient obtalned were approximately the sams

as for configuration A, but the flow coefficient required to obtain
this ¢y was reduced about 42 percent and 47 percent, respectively.

Similarly, application of tepe to the upper surface of the airfoil nose
(configurations D and E) showed only a slight change in the highest Cy

from the value of 1.6 obtalned for confilguration A, but reductions in
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the flow coefficlent of about 73 percent and 77 percemnt, respsctively,
were obtalned as compered with confligurstion A. The reductions in the
relative extents of permeable surface area (configurations A to E),
therefore, resulted in progressive reductlons in the flow coefficlent
required for the highest maximum 11ft., As the permesble area on the
upper surface was covered to 4.1 percent chord (configuration F), no
apprecieble chenges in the flow coefficient (fig. L) are noticed as
compared with configuration E; however, the maximum sectlon 1ift
coefficient was reduced to a value of about 1.55. In view of this result,
further covering of the permesble gurfaces was discontinued and configu—
ration E was consldered to be the optimum.

Alrfoll Pressure Digtributions

Leading—edge separstion was eliminated as soon as suction was applied.
When the maximm section 1ift coefficient was obtailned it was brought
about by turbulent separation moving forward from the tralling edge.
This result 1s shown in figure 5 which presents the sirfoll surface
pressures as a function of chordwise position (configuration E) for several
flow coefficients over a range of angles of atback from 4.1° to 18.3°, As
the angle of attack is increased from 4.1° to 12.2°, the airfoil is
unetalled over the range of flow coefficlents Investigated. The peak
preossures near the leading edge, as expected, Ilncrease rapidly wilth angle
of attack and also increase with flow coefflclent. In an attempt to explaln
the increase 1n pesk pressure coefficient wlth increasing flow coefficient
for the angle—of—ettack range from 4° to 12°, the corresponding experi-—
mental increments in 1ift coefficlent (fig. 3(e)) were expressed in terms
of Increased cilrculation, and wlth the aid of the known transformastion
function for the airfoll the resultant increase in pesk pressure coef-—
ficlent was calculated., It was found, however, that the measured Increases
in peak pressure coefficlent were larger Tthan the calculated values. The
reagson for these discrepancies is not definitely known, but they may
possibly be attributed to an effectlive local Increase in curvature of the
alrfoll near the leading edge caused by the flow into the porous surface.
Increasing the angle of attack to 14.2° results in further increases in the
pesek pressures near the leading edge, accompanled by turbulent separation
from the tralling edge which progresses forward along the upper surface of
the airfoll with additional Increases in angle of atbtack. Despite the
exigtence of turbulent separastion, the flow over the nose of the alrfoil
remained unseparated beyond the angle of attack for maximum 1ift
(fig. 5(g)) even for the lowest flow coefficilent investigated (CQ = 0,0005),
This result corroborates the theoretical work done by the British concerning
leading—edge porous suctlon which Indicates that very small amounts of
suction are required to prevent leading—edge separation.

The extent of the separated reglon for s constant angle of attack
(fig. 5) is shown to decrease progressively with increesing flow coeffi—
cient in spite of the increases 1n the peak negative pressures 1n the
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reglon of the leading edge. Thils result is due to the very favorabls
effect of leading—edge suction on the conditions of the turbulent boundary
layer.

The variation of airfoll pesk pressure coefficient Smax and internal
pressure coefficlent Cp with angle of attack for configuration E is

presented in figure 6. As shown in figure 6, for flow coefficients
of 0.0005 and 0.0010 the curves of Smax and Cp cross at angles of

attack of 10.3° and 15.10, respectively. Beyond these angles of attack,
Smex 18 greater than Cp; this result indicates that the pressure difference

is in the directlon to cause a local region of outflow. Despite the
existence of outflow at these flow coefficlents, laminar separation was
prevented. An Increase in the flow coefficient to 0.0018, where a large
positive pressure difference 1s mainteined, increased the maximum section
1ift coefficlent (fig. 3(e)) to a value of 1.6. The fact that the highest
maximum section 1ift coefficient was obtained with a flow coefficient

of 0.0018 is attributable, therefore, to the favorable effects of

increased flow coefflcient on the conditions contributing to the development
of the turbulent boundary layer. '

In view of the lncrease In ¢y obtalned with boundary—layer
max '
control in conjunction wilth a leading—edge slat (reference 1), further

increases in ¢, , above that obtained in the present investigation,

wlll result from also controlling the turbulent boundery leyer. Different
distributions of suction over the leading—edge, particularly for thinner
airfolls, should also be Investlgated by means of surfaces of different
degrees of porosity in order to determins the configuration which will
require the smallest amount of flow for optimum Clmax'

CONCLUDING REMARKS

Results of an exploratory wind—tunnel investigation of area suction
in eliminating leading—edge separation over an NACA 6hlA212 alrfoil have

been presented. It was found that not only was leading—edge separation
prevented, but also turbulent separation moving forward from the trailing
edge was delayed. The maximum effectlvensss was obtalned at a flow cosf—
ficient of 0,0018 with the upper surface porous to 4.5 percent chord.
With more than 4.5 percent chord permesble, the maximum section 1ift
coefficient szax of the airfoll was not changed apprecisbly, but the

flow coefficlient required to obtain cy was congldersbly increased.
mgx

It was also determined that for this airfoil at a similar Reynolds
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number the maximum section 1ift coefficlent is about the same as that
for the sirfoll with a leading—edge slat.

Langley Aeronautlical Laboretory
National Advisory Commlttee for Aeronsutica
Langley Field, Ve., August 18, 19.8
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TABLE I

NACA 6U;A212 ATRFOIL SECTION
[Stations and ordinates in percent airfoil chord]

Upper surface Lower surface
Station Ordinate Station Ordinste
0 0 0 0
.09 1.013 .591 —.901
.648 1.233 .852 —1.075
1.135 1.580 1.365 —1.338
2.365 2.225 2.635 —1.803
L. 849 3.145 5.151 —2.423
7.343 3.846 7.657 —2.87h
9.8k2 k.432 10.158 —3.240
14.84kg 5.358 15.151 —3.796
19.862 6.060 20.138 —4.200
24,880 6.584 25.120 4. 482
29.900 6.956 30.100 —L4.660
3k.922 7.189 35.078 4.7k
39.946 7.272 L4o.054 .71k
4. 970 7.177 45.030 —.549
43.993 6.935 50.007 —L.275
55.015 6.570 54.985 —3.918
60.034 6.103 59.966 —3.499
65.050 5. 54 64.950 —3.03k
70.064 L4.903 69.936 —2.537
75.075 k.197 Th.925 —2.037
80.090 3.433 79.910 -1.563
85.088 2.601 84,012 —1.159
90.062 1.751 89.938 —. 771
95,032 .388 9k.968 —.398
100.000 .025 99.999 —.025
L.E. radius: 0.99% .
Slops of radius through L.E.: 0.095

NECA -
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